Abstract Engineered nanomaterials (ENMs) possess unique characteristics affecting their interactions in biological media and biological tissues. Systematic investigation of the effects of particle properties on biological toxicity requires a comprehensive modeling framework which can be used to predict ENM particokinetics in a variety of media. The Agglomeration-diffusion-sedimentation-reaction model (ADS-RM) described here is stochastic, using a direct simulation Monte Carlo method to study the evolution of nanoparticles in biological media, as they interact with each other and with the media over time. Nanoparticle diffusion, gravitational settling, agglomeration, and dissolution are treated in a mechanistic manner with focus on silver ENMs (AgNPs). The ADSRM model utilizes particle properties such as size, density, zeta potential, and coating material, along with medium properties like density, viscosity, ionic strength, and pH, to model evolving patterns in a population of ENMs along with their interaction with associated ions and molecules. The model predictions for agglomeration and dissolution are compared with in vitro measurements for various types of ENMs, coating materials, and incubation media, and are found to be overall consistent with measurements. The model has been implemented for an in vitro case in cell culture systems to inform in vitro dosimetry for toxicology studies, and can be directly extended to other biological systems, including in vivo tissue subsystems by suitably modifying system geometry.
Introduction
The rising use of engineered nanomaterials (ENMs) in a variety of consumer products has increased concerns regarding the potential toxicity and risks associated with human exposures to such materials. Risk assessment of nanoscale materials has thus become a high priority for stakeholders, including environmental agencies and product manufacturers (Oberdorster 2010) . A complete health risk-analysis of any chemical requires a comprehensive ''source-to-dose-toeffect'' assessment for humans, which requires multiple in vitro and in vivo studies across various species (Georgopoulos 2008; Gajewicz et al. 2012) . A thorough characterization of the physicochemical properties and dynamic behavior of ENMs in various media is required for each step involved in this process.
ENMs differ from ''conventional'' chemicals due to their ''nanoscale properties,'' which result in complex particle-particle and particle-media interactions in environmental, chemical, and biological settings. Properties of ENMs (such as size, shape, chemical composition, surface area, zeta potential, and nature of coating) and media properties (such as density, viscosity, and pH) affect the kinetics and dynamics of the ENMs, involving agglomeration, dissolution, diffusion, and sedimentation. These processes lead to changes in size, shape, and chemical composition of the ENMs and are liable to affect their distribution and toxicity in biological tissues (Cohen et al. 2013; Wang et al. 2014) . Agglomeration, along with dissolution, leads to a change in the physical state of ENMs in intracellular and extracellular media, thus directly influencing the manner and extent of their interaction with biological systems (Jiang et al. 2009; Bae et al. 2010) . Such phenomena in environmental or biological media have a direct influence on each step of the ''source-to-dose-to-effect'' analysis for ENMs.
Physicochemical transformations of micro and nanosized particles have been studied widely in relation to both environmental exposure and biological toxicity. Mathematical modeling of dynamics of particles in fluids has been pursued widely as well (Mason and Weaver 1924) . Researchers have employed the aerosol general dynamic equation (GDE) to model transformation of particulate matter in environmental and biological systems (Lazaridis et al. 2001; Broday and Georgopoulos 2001) . The ISDD (In vitro Sedimentation, Diffusion, and Dosimetry) model developed by Hinderliter et al. (2010) simulates NP diffusion and sedimentation, employing a differential equation-based framework for in vitro dosimetry. However, the ISDD model only considers noninteracting particles and does not include dynamic agglomeration or dissolution which would be expected to occur simultaneously with diffusion and settling for interacting NPs like AgNP. More recently, Liu et al. (2011) developed a stochastic direct simulation Monte Carlo (DSMC) model which included dynamic agglomeration along with the other processes included in the ISDD model. However, like the ISDD model, it also did not consider NP dissolution. Prediction of biological toxicity would be incomplete without a simultaneous quantification of silver ion production by dissolution as this ''Trojan-horse mechanism'' is widely known to play a critical role in cellular toxicity due to AgNP . Thus, biological risk assessments for NPs have been incomplete due to lack of information regarding the physical state of the particles as they dynamically change over the span of a study (Wijnhoven et al. 2009 ). Models which can relate NP transformations and interactions to their intrinsic nanoscale properties and the properties of the medium can considerably reduce uncertainties in biological risk assessment of these new materials. The ADSRM model developed here mechanistically describes the complete set of processes involved in the interaction between ENMs and their environment and is the only computational model, known to us, that includes the entire spectrum of kinetic and dynamic transformation processes important for nanoparticles, specifically aggregation, diffusion, sedimentation, and dissolution of nanoparticles in a predictive and mechanistic framework, which is applicable to in vitro, as well as in vivo biological systems. It has been developed as a tool that can be used to predict ENM transformation and transport for a variety of media and conditions, to estimate cellular dosimetry in cell cultures for toxicological studies, as well as for in vivo intra and extra cellular domains.
Approach and methods
Modeling transport of particles in medium Mathematical descriptions of particle transport in fluids (diffusion, advection, and gravitational settling) have been available for almost a century (Bird et al. 1960) . In biological and environmental media, the processes of gravitational sedimentation, diffusion, agglomeration, and dissolution occur simultaneously.
The current study employs a ''modular'' modeling approach, where each process has been separately modeled using well-known mechanistic rate equations, and each rate has been incorporated in a stochastic framework utilizing a direct simulation Monte Carlo (DSMC) scheme.
Gravitational sedimentation of NPs is described mathematically by Stokes' Law (Kajihara 1971) , which determines the sedimentation rate (v) of particles in a solution as a function of medium viscosity (l), the densities of particles and media (q p ; q f ), diameter of the particles (d), and the acceleration due to gravity (g). The ISDD model of Hinderliter et al. 2010 modeled gravitational settling using Stokes' Law and Sterling's modification of Stokes' Law for agglomerates. For single particles, Stokes' Law is given by
Equation 1 defines the sedimentation velocity for single particles. The agglomerate sedimentation velocity is described by Sterling's equation (Sterling et al. 2005) as
Here, effective agglomerate density, q agg and effective agglomerate diameter, d agg are properties of agglomerates that can be estimated from individual particle properties according to Sterling (Sterling et al. 2005 ) as
In Eqs. 2 and 3, the parameters f P and f D stand for packing factor and fractal dimension, respectively. Agglomerates are not homogenously packed units but have a fractal structure (Sterling et al. 2005) . The packing factor, PF varies between 0 and 1, and reflects the ratio of solid volume over total volume of an agglomerate. e agg is the effective porosity of the agglomerate and n is the number of primary NPs in the agglomerate.
The Stokes-Einstein equation describes the rate of diffusion (D) as a function of particle diameter (d), medium viscosity (l), and temperature (T), as
Here k B is Boltzmann's constant with a value of 1.38 9 10 -23 m 2 kg/K/s 2 . Advection (transport due to fluid motion) has not been included in this analysis, as it can be considered negligible for many in vitro and in vivo toxicological systems of concern; however, advection must be included when considering biological fluids (such as blood) in motion.
Modeling of dynamic agglomeration
Aggregation of NPs in solution is a complex phenomenon because it is affected by diffusion of individual particles and agglomerates and by the attractive and repulsive forces acting between each other. Aggregation of NPs in a medium can be modeled using the Smoluchowski equation (Hunter 2001) . Smoluchowski modeled the fast coagulation of non-interacting particles using a convection-diffusion equation and developed a population-balance equation (PBE) for the development of aggregates of k particles through the collision of aggregates with i and j particles (where i þ j ¼ k). The PBE developed by Smoluchowski can be presented as
Here n i is the particle number concentration of the ith agglomerate, and b ij is the agglomeration rate constant between the ith and the jth agglomerates. The agglomeration rate constant b ij is given by
Here, r i and r j are the effective radii of the two colliding agglomerates, the effective radii being calculated from Eq. 3 based on the numbers of primary particles constituting them. Smoluchowski's equation does not consider inter-particle attractive or repulsive interactions. The PBE equation developed by Smoluchowski can be modified to include such inter-particle interactions using the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory. This involves replacing the agglomeration rate constant, b, in Eq. 5 by the modified agglomeration rate constant, k, where k ¼ b=W, W being the stability ratio. The stability ratio is defined by the ratio of the total number of collisions between particles over the number of collisions that result in agglomeration (Hunter 2001) , and is a measure of the stability of the particle dispersion. McGown and Parfitt (1967) used the DLVO theory to formulate an expression for W ij , the stability ratio for the ith and jth agglomerate pairs, as follows: 
The denominator in Eq. 7 represents the number of collisions that result in agglomeration and is a function of / A;ij , the attractive van der Waals' electric potential, while the numerator represents the total number of collisions and is a function of / T;ij . The total interaction potential, / T;ij , is the sum of the attraction potential, / A;ij , and the electric repulsion potential, / R;ij , for the pairs of agglomerates. s is a dimensionless distance between the pair of agglomerates given by s ¼ 2R=ðr i þ r j Þ, where R is the distance between the centers of the two agglomerates and r i ; r j are the radii of the agglomerates estimated by Eq. 3. The stability equation (Eq. 7) integrates the interaction potential over the entire range of distance, from infinite distance of approach to collision, which is represented by s ¼ 2. The attractive and the repulsive interaction potentials given by / A;ij and / R;ij can be estimated from established physical relations (Gregory 1975 (Gregory , 1981 between electric forces and parameters of the NPs and media, which are shown in detail in the Supporting Information (SI). Then the agglomeration rate constant, k agg;ij is calculated as
Modeling of nanoparticle dissolution NP dissolution processes depend on the particular chemistry of the NP and the ions present in the media. AgNP is known to be oxidized by dissolved oxygen (DO) in the media and the reaction is also influenced by the protons (H ? ) in the media Tejamaya et al. 2012 The chemical equilibrium for the above reaction can be assessed using Nernst equation, as
Here, R is the Universal Gas constant, T is the temperature of the reaction medium, F is Faraday's constant, and n is the difference in the number of molecules between reactants and products based on reaction stoichiometry. E o is the standard reaction potential (at 25°C) for the reaction whose value is 0.47 volts ). E net is the net free energy released by the reaction and needs to be positive for the reaction to proceed. The forward reaction given by the Ag oxidation reaction, stops when chemical equilibrium is reached, i.e., when E net becomes negative. Anions present in the media, like phosphate or sulfide ions, would increase the rate of silver oxidation by precipitating the produced Ag ? ions as their respective salts and shifting the equilibrium to the right in the Ag oxidation reaction. Presence of such ions has not been considered in this version of the model. However, it has been shown by that based on ionic equilibria, Ag ? would precipitate as salts starting with Ag 3 PO 4 at a minimum concentration of 1.9 9 10 -5 mol/L. The Ag ? concentrations produced in the entire time span of this study are lower than the threshold required for the precipitation of the salts.
Nanoparticle surface reaction
According to the stoichiometric equation, the release rate of Ag ? ions can be expressed by an ordinary differential equation as
Here, ½Ag þ ; ½Ag; ½O 2 , and [H ? ] represent the concentrations (in mol/L) of Ag ions, solid Ag, DO, and protons, respectively, and k is the dissolution rate constant. For reactions involving NPs, the size and surface area of the NPs become limiting criteria, as the reactions would depend on collisions with the other chemical agents in the system (Fogler 2005 represents the number concentration of nanoparticles. The reaction rate constant k would also depend on temperature (T) and activation energy (E a ) of the chemical reaction. Based on the hard-sphere collision theory, the rate constant can be expressed as Fogler (2005):
Here, R is the Universal Gas Constant and A o is a scaling factor; f A is the fraction of the NP surface area that is exposed and available for reaction. Due to the presence of coatings and stabilizing agents, the entire surface area of the NPs might not be exposed to reaction. Estimation of the available surface area is dealt with in the next section. [H ? ], the concentration of hydrogen ions in the solution, can be related to the pH of the solution as:
] represents the concentration of dissolved oxygen (DO) in the solution which is the primary oxidizing agent.
Citrate stabilization

The oxidation of Ag into Ag
? is also affected by other chemicals present in the media. ENMs are usually coated or stabilized by a chemical which acts as a reducing agent and prevents the oxidation of Ag. Citrate is one of the most common stabilizing agents used with silver nanoparticles. In the specific example of citrate-stabilized AgNP, the citrate ions act as a reducing agent. Citrate ions are oxidized by DO in the media and the reaction can be formulated as follows: . The rate constant for the oxidation of citrate ions has been estimated from literature data; the details of the calculation are included in the SI. Presence of citrate ions as a stabilizing agent around the NPs protects them from oxidation and dissolution in the medium. To quantify the extent of the protection, a variable F coat is defined as the ratio of the total moles of citrate adhered to the NPs to the total surface area of the NPs:
The fraction of NP surface area that is available for reaction, can be estimated from the current amount of citrate in the CV and the total surface area of ENMs which is dynamically updated in the model. Lower pH leads to higher protonation of the citrate ions and greater surface area of NPs exposed to oxidation. The fraction of exposed surface area of ENMs changes dynamically with time as citrate ions are oxidized in the medium. Estimation of F coat and the fraction of exposed surface area are included in the SI.
Dissolved oxygen
DO is depleted from the system due to both Ag oxidation and citrate reduction reactions. As in the present in vitro assay whose behavior has been simulated by the model, reaction systems exposed to ambient air are dynamically replenished by oxygen from air. The mass transfer of O 2 from air is described by the equation :
Here, K O 2 is the mass transfer coefficient for oxygen from air to media and C S is the saturation concentration of DO in the media at the ambient temperature. measured the initial DO concentration in their medium to be 7.8 mg/L and also estimated the mass transfer coefficient of oxygen K O 2 to be 6.01 lmol/L/hr. The transfer of oxygen is considered diffusion-limited and the transport of DO from the solution to the NP surface has been considered to occur at a faster rate. All relevant parameter values have been summarized in Table 1 .
Modeling NP behavior using direct simulation Monte Carlo (DSMC) method
As mentioned in the Background section, modeling dynamic phenomena in dispersed systems involving particle transport and transformation processes have been carried out in the past using the aerosol general dynamic equation (GDE) (Lazaridis et al. 2001 ).
However, the GDE is a deterministic equation, with process descriptions modeled entirely using predetermined rate laws. In contrast, stochastic methods such as Monte Carlo (MC) capture the underlying probabilistic nature of the processes and simplify considerably the programming effort (Kruis et al. 2000) . Event-based processes like agglomeration are generally well suited to be modeled using MC schemes. Such schemes enable the inclusion of multiple particle transformation mechanisms in a straightforward manner (Zhao et al. 2007 ) and also record the history of particle populations, thus providing a way to visualize the evolution of a particular nanoparticle population in a given medium. Particle transport processes can also be treated in a stochastic manner and incorporated seamlessly into the MC simulation scheme (Hollander et al. 2001) .
System geometry
The modeling scheme used here employs a direct simulation Monte Carlo (DSMC) method, which is a ''time-driven'' algorithm (Zhao et al. 2007 ). Liu et al. (2011) used the DSMC method to model nanoparticle agglomeration and diffusion employing a constant number MC approach. We have also used the constant number DSMC according to Liu et al., but have made critical changes and modifications in order to capture realistic nanoparticle scenarios, both in vitro and in vivo. Unlike a cubical control volume used in Liu et al., the control volumes used here (shown in Figs. 1 and 2) reflect the geometry of the culture systems used for toxicological studies in vitro. The model can also be directly modified for other geometries, based on the particular system it simulates. Also, a critical requirement relevant to dosimetry assessment for in vitro studies, is to quantify the fraction of NPs settling at the bottom of the system with time. Tracking the amount of NPs settled with time necessitates replication of the exact geometry of the system, as settling is affected by shape and size of the vessel and also by the height of the fluid. Dissolution is a critical aspect of toxicological studies with AgNP because of the importance of ionic silver in cellular toxicity Wijnhoven et al. (2009) . The model described here includes dissolution using a particle-based surface area limited reaction mechanism, involving all chemicals and ions present in the system.
Steps in the Monte Carlo process
An example modeled system shown in Fig. 1 shows the control volume (CV) (identified as item 1 in the figure) and the entire incubation tube (identified as item 2), with the actual tube used for measurements shown inset. The CV has been selected to contain 10,000 particles, initially all being monomers and uniformly dispersed in the medium. The diameters of the particle population are randomly selected from the Particle Size Distribution (PSD) corresponding to the study. The steps in the MC process are schematically expressed in Fig. 3 . The 10,000 NPs in the CV are randomly distributed along the vertical height of the CV, so that the position z i of the ith NP is randomly selected from the uniform distribution, Uð0; LÞ, where L is the height of the CV. The agglomeration rates (K a gg) and transport parameters (Diffusivity, D, and sedimentation velocity, V) for the NPs in the CV are computed using Eqs. 1 and 8. In this implementation of the model, we consider N t = 100 agglomeration events at every time step. Then the time interval to the next step is calculated using the formula:
In the next step, the NPs participating in the 100 agglomeration events are selected by the MC algorithm, based on their mutual rates of agglomeration. The method employed is a sampling procedure proposed by Kruis et al. (2000) : in this procedure, the agglomeration rates for all possible pairs of NPs in the CV are sequentially added, until the sum exceeds the value of a randomly sampled number. The mass of the newly formed agglomerate is the sum of the masses of the pair of NPs undergoing agglomeration and the agglomerate diameter is calculated using Eq. 3. Subsequently, the diffusion and settling distances, z D;i and z S;i respectively, are calculated based on the respective transport equations. z S;i is given by z S;i ¼ Àv S;i :Dt, where v S;i is the particle's Stokes' settling velocity given by Eq. 2. The distance traveled due to diffusion, z D;i , is estimated using the approach of Liu et al. (2011) , employing a random number sampled from a normal distribution such that z D;i $ Nð0; 2D i DtÞ, where D i is the Brownian diffusivity for the particle calculated from Eq. 4. Thus the total vertical distance traveled by the ith particle would be given by
NPs which attain a vertical position z i 0 are considered to have settled. The settled NPs are taken out of the distribution of NPs considered in the CV and are replaced by NPs from outside the CV. The DSMC modeling scheme implemented here being a constant number Monte Carlo method, the number of NPs in the CV has to be maintained constant. Accordingly, the particles lost from the CV due to settling or agglomeration with other particles are replaced continuously. Unlike in Liu et al. (2011) , where particles are replaced from the original PSD, in this DSMC scheme replacement of particles has been carried out from the current PSD of particles within the CV, based on the assumption that the PSD of particles both internal and external to the CV would be similar due to being part of the same continuous system. The model was run using Matlab Ò utilizing a 64-core (8 CPU 9 8) Sun/ Oracle Intel Xeon 7560 server machine.
Inclusion of reaction within the DSMC scheme
A surface area-based oxidation reaction mechanism has been implemented in the DSMC scheme using a particle-based approach, where particles and agglomerates suffer oxidation based on their exposed surface area. The oxidation of citrate and the accompanying decrease in citrate stabilization is assumed uniform over all the particles in the CV. For each Monte Carlo time step estimated from Eq. 14, a set of ODEs similar to Eq. 10, for Ag ? , citrate, and O 2 , is solved Table 2 . Citrate-stabilized AgNPs (referred to as L20) with a nominal size of 20 nm were utilized by Leo et al. (2013) to study long-term agglomeration and dissolution in media of various pH to reflect conditions in the human respiratory system. Tejamaya et al. (2012) utilized AgNPs of 3 different coatings-citrate, poly-ethylene glycol (PEG), and poly-vinyl pyrrolidone (PVP), for studies of agglomeration. These AgNPs with a nominal size of 10 nm are referred to as TC10, TPG10, and TPV10, for the citrate, PEG, and PVP-coated particles, respectively. Liu and Hurt (2010) used 1-2 nm citrate-coated AgNPs to study dissolution kinetics under different conditions. These AgNPs have been referred to as LH1. Additionally, the model was also evaluated with a set of citrate and PVP-coated AgNPs (referred to as C20, C110, P20, & P110) used by Wang et al. (2014) for their effect on dosimetry in cell culture plates used for in vitro studies with cells. The detailed list of parameters for all different types of AgNPs and their associated media are summarized in Table 3 . The parameters have been obtained from the respective article and wherever unavailable have been replaced by default values. Unlike citrate which undergoes oxidation in the medium (as discussed in 'Citrate stabilization' Section), PEG and PVP are more stable a Actual study duration was up to 10 days for some samples, but measurements for until 7 days was taken for comparison, for uniformity across different samples in various media and are potentially permeable to solutes and solvents (Tejamaya et al. 2012) . Accordingly, oxidation of AgNP coatings has been assumed to be zero for PEG and PVP coatings, unlike citrate coatings. Unlike citrate, which stabilizes by repulsion, PEG and PVP stabilize NPs through steric hindrance (Cumberland and Lead 2009) . Tejamaya et al. (2012) have used three different media for incubation of the AgNPs-chloride (CM), nitrate (NM), and sulfate (SM) media. Detailed calculation of the ionic strengths of each media is presented in the SI. The shape and size of the reaction vessel also have important effects in the physical phenomena, especially in settling. For the evaluation with L20 NPs, the Eppendorf tube used by Leo et al. (2013) has been replicated. Both Tejamaya et al. (2012) and Liu (2010) have used cylindrical tubes of different volumes. Evaluation has also been carried out in representative cell culture plates using RPMI 1640 culture media for a realistic scenario in predicting cellular dosimetry.
Results and discussion
Aggregation of AgNP
Aggregation of citrate-stabilized AgNP was simulated using the ADSRM model developed in this study, and model predictions were compared with in vitro measurements from Leo et al. (2013) for citrate-stabilized AgNP incubated for 7 days in a sodium perchlorate buffer. The values of the parameters pertaining to the incubation medium are summarized in Table 1 . Values of other parameters used in the implementation of the model are also shown in Table 1 . Figure 4a , b, and c shows comparisons between the measurements from Leo et al. (black dots) with model predictions for 1, 2, 5, & 7 days. The system with the medium at pH = 3 shows the largest increase in diameter followed by the system with medium at pH 5. At a pH 7, which is the same as distilled water, the agglomeration is negligible at 7 days. The model in general predicts faster agglomeration than what is observed in the in vitro system. This might be due to additional stabilization by the citrate ions, which prevents aggregation of NPs. There is large uncertainty in the quantification of citrate coating and surface coverage, as direct measurements were not carried out in the specific medium. The observed difference between model predictions and measurements might also be due to the difference in the estimation of agglomerate diameters between model and measurement. For the in vitro measurement technique, the average of two largest dimensions of NPs was recorded (Leo et al. 2013) as the estimate of diameter. The model, however, estimates the effective spherical diameter (or the hydrodynamic diameter) from Eq. 3, which might be different from the measured diameter in vitro employing the above technique, since NPs tend to form elongated strands due to agglomeration (Leo et al. 2013) . However, the change in diameter is comparable to that observed by in the linear growth phase. Decrease in pH is accompanied by an increase in ionic strength, as shown in Table 1 , which leads to a compression of the electric double layer, thus increasing inter-particle interaction (Delay et al. 2011 ), leading to increased agglomeration. Particle agglomeration is affected by the surface zeta potential, f, which alters with change in medium pH and ionic strength, I (Elzey and Grassian 2010). The variation of f with pH and I is modeled using measurements from Leo et al. (2013) and Salgin et al. (2012) . The details of the functional modeling expressing f with pH and i are included in the SI. pH is known to have a stronger effect (Cunha 2011) on particle f and for values of pH higher than the isoelectric point (pI), a decrease in pH shifts the value of f closer to zero and leads to greater agglomeration. Figure 5a and b shows the size and number distribution, respectively, of the NPs in the CV at 1, 2, 5, 10, and 14 days after incubation. The figures show that the size and number distributions in the CV become progressively broader and move towards larger sizes as time progresses. Figures 6a  and b show the changes in NP diameter mean and standard deviation of the NP population in the CV for different values of pH. A pH of 3 leads to much greater agglomeration resulting in larger mean diameter and also larger variation in diameters across the population. The difference between the plots for pH 5 and pH 7 is minor because the effect of higher pH is reduced due to decreased dissolution at higher pH. While a lower pH of 5 causes more agglomeration than a pH of 7, increased Ag dissolution at a pH of 5 (shown in dissolution results) causes reduction in the agglomerate diameters thus canceling the effect due to increased agglomeration. Figure 7 shows comparisons of change in mean AgNP diameter with mean Z-values estimated by Tejamaya et al. (2012) for three different AgNPs-TC10 (citrate), TPG10 (PEG), and TPV10 (PVP) in 3 different media -CM-10, NM-10, and SM-10. The model captures the increase in size seen for the citrate-coated AgNPs. However, for the PEG and PVP-coated particles (Fig. 7b, c) , the measurements show an apparent decrease in size which might be due to increased dissolution and/or precipitation. Interaction of PEG and PVP molecules with the various salts present in the media needs to be further examined to predict the temporal evolution of the particles more effectively. The discrepancy might also be because the measurements are Z-avg values and are compared to mean diameter values from the model. Z-avg values might change due to increased spread in the size distribution of the AgNPs (as shown by increase in SD in Fig. 6 ) and might not be exactly comparable to mean diameter.
Settling of nanoparticles Figure 8a shows the fraction of NPs settled at the bottom of the tube for different values of pH. It shows the mass fraction of NPs settled and also the number fraction of primary NPs (monomers) settled. Gravitational settling depends on the height of the liquid level above the bottom of the vessel, since the particles have to travel downwards at the Stokes' settling velocity given by Eq. 2. However, since the population of NPs inside the CV forms a representative sample of the entire population of NPs, the fractions settled would be the same for the NPs inside the CV as for the rest of the NPs. Figure 8a shows that there is a difference between the mass fraction settled and number fraction settled (thick and thin lines) and that the difference increases with time. This is due to the faster settling of the higher mass aggregates, leading to a higher total mass of the settled population. Acidic pH (pH = 3) leads to higher settling due to the formation of larger agglomerates. Lower pH also promotes increased protonation of the citrate ions which are used to stabilize the AgNP. Higher rate of citrate removal shifts the NP f-potential closer to the isoelectric point, thus reducing the inter-particle repulsion and promoting aggregation and settling. Figure 8b shows the estimated numbers of NPs settled in the CV. The thin line depicts the number of primary NP monomers settled, i.e., the total number of monomers settled irrespective of their state of aggregation. The bold line depicts the number of agglomerates settled. The increasing divergence of the 2 lines shows that the agglomerates that are settling have an increasing number of constituting monomers, i.e., the larger agglomerates tend to settle preferentially. Settling of Fig. 4 Comparison of model prediction for 1, 2, 5, and 7 days and in vitro measurements for AgNP size distribution after 7 days of incubation at pH a 3, b 5, and c 7
NPs is important for estimating dosimetry for in vitro toxicological studies, where NPs are incubated with cell cultures generally located at the bottom of the vessel. The actual exposure of cells is to the settled population of NPs and not to the entire population (Hinderliter et al. 2010 ).
Dissolution of AgNP
Dissolution of citrate-stabilized AgNP was simulated using the model developed for this study and model predictions were compared with in vitro measurements from Leo et al. (2013) . The properties of the medium used by Leo et al. are summarized in Table 1 . The model simulation was performed using DSMC for 14 days, for a population of 10,000 particles in the control volume and for 3 different pH values -3, 5, and 7. The oxidation of Ag is dependent on the fraction of exposed surface area and is affected by the pH of the medium. Lower pH will lead to higher protonation of citrate resulting in higher exposed surface area available for oxidation. Figure 9a shows a comparison between model predictions and in vitro measurements over 14 days for pH 3, 5, and 7. The model predictions agree well with the measurements and capture both the initial high rate of dissolution and the later slower dissolution due to the decrease in reactive surface area of the NPs, as well as the decrease in DO. The reaction kinetics are dependent on the exposed surface area of the NPs; reduction in surface area due to agglomeration and settling causes a reduction in the dissolution rate. The Figure 9b shows comparison with model predictions and measurements from Liu and Hurt (2010) for three different initial concentrations of AgNPs. The reactions do not cross the equilibrium line shown by Liu and Hurt and under the conditions explored do not reach equilibrium. The measurements appear to suggest a decrease in reaction kinetics, which is not adequately captured by the model. This might be due to some of the critical parameters like zeta potential, and ionic strength being unavailable for the study; they were replaced by default values for citrate-coated AgNPs. The ADSRM model was run for a time period of 24 h, using the NP properties summarized in Table 2 . Figure  2 shows a schematic geometry of a culture plate, which has cells residing at the bottom. The simulation captures NP dosimetry to the cells at the bottom through a customized implementation of the ADSRM model. Figure 10a shows the changes in AgNP mean diameter over 24 h. In the in vitro culture, the cells at the bottom of the culture plate are not exposed to the entire population of NPs in the medium. Figure 10a shows that after 24 h, mean diameter of settled NPs reaches a value greater than 50 nm (for 20 nm NPs) and 400 nm (for 110 nm NPs), thus indicating that cells in the culture medium are exposed to NPs of far larger sizes than the initial dosage. The in vitro exposure of the cells to AgNP is also variable over time. Only a fraction of NPs which have settled (Fig.  10b) interact with the cells and that increases with time affecting cellular dynamics. Figure 10c shows that between 20 nm and 110 nm AgNP, the larger AgNP has a greater preference toward settling leading to a relatively higher mass dose for the cells at the bottom of the culture plate.
Study limitations
The ADSRM modeling framework demonstrated in this article has been developed as an integrative framework which draws from established models of particle-particle and particle-media interactions and supports prediction of ENM fate and transport in various media. The model is, however, limited by the fact that, whereas a wide variety of ENMs is present in the market today, very little characterization data exist for the nanoscale. ENMs tend to be characterized largely by their mass or concentration in solution, and this scarcity of data at the nanoscale leads to variability and uncertainty in predicting their fate in environmental or toxicological media. The ADSRM model developed here is based on available empirical relationships involving ENM interactions and various factors such as surface zeta potential, surface coating chemistry, media pH, and the concentration of other chemicals in the in vitro media. Unfortunately such detailed mechanistic relations could only be developed for silver ENMs, for which extensive studies are available. Applications of the ADSRM model are also limited by lack of information regarding coating chemistry. The model was developed initially for ENMs with citrate coating, but it has been extended to PEG and PVP coatings also, for which, however, extensive characterization information is lacking. Consequently, the model cannot adequately capture solution interactions involving polymer chains like PEG or PVP, which have more complex structures than citrate and would be expected to have a variety of chemical interactions at the nanoscale. Capturing all such mechanisms is beyond the scope of this article and requires, at the least, more detailed characterization measurements to be conducted. 
Conclusions
The ADSRM modeling framework developed and implemented here for assessing cellular dosimetry is the first of its kind to include relevant physicochemical interactions of AgNP in media and estimate time dynamics of changes in NP form and quantity that affect the actual NP dose to cells in the media. The model captures the variations in ENM agglomeration with media characteristics and also with shape and size of the culture vessel, which can influence the fate of NP formulations in culture media. Dose-effect relationships developed using in vitro toxicological assays can be made more accurate by including dynamic changes in NP populations in the culture media affecting the number and sizes of NPs interacting with cells. Cell cultures residing at the bottom of culture plates are exposed to populations of NPs, with widely varying numbers and agglomeration states, resulting in widely different outcomes. The ADSRM model, when implemented and evaluated for multiple NP and coating combinations, can be directly applied to other NPs and for a variety of systems and media, given the relevant physicochemical parameters. The model development considers the various mechanisms such as agglomeration, sedimentation, diffusion, and reaction separately, so that new information regarding other NPs and coating materials and more detailed characterization information for silver ENMs could be easily incorporated into the model to give better predictions. It provides a useful tool that can be used to analyze complex behaviors of nanomaterials in chemical and biological media and help in better identification of cellular toxicity endpoints, while, in conjunction with in vitro and in vivo toxicological studies, it could improve understanding of particlebiosystem relationships. 
